Reactions of imino-pyridyl ligands, (2-pyridyl-2-thiophenemethyl)imine (L1) and (2-pyridyl-2-thiopheneethyl)imine (L2) with NiBr 2 (DME) gave the corresponding complexes [Ni(L1)Br 2 ] (1) and [Ni(L2)Br 2 ] (2) in good yields. Treatment of 1 and 2 with one equivalent of 2-hydroxythiophenol resulted in the displacement of the bromide ligands to form the nickel(II) thiolato complexes 3 and 4. Molecular structure of 3 confirmed that L1 and L2 bind to the nickel atom in a bidentate fashion. Complexes 1-4 catalyzed the Heck coupling reaction of iodobenzene and bromobenzene with methyl acrylate.
Introduction
The Heck coupling reaction has developed into a very powerful and efficient method of carbon-carbon -bond formation in synthetic organic chemistry both in academic and industry [1] . Historically, palladium complexes of phosphine-based ligands have been extensively used as catalysts in Heck coupling reactions [2] . However, these palladium catalysts have several setbacks associated with their air-sensitivity and rapid decomposition. Moreover, phosphine ligands are expensive and difficult to prepare and this coupled with the high cost of palladium metal, limits their industrial appeal. To circumvent these problems, significant research efforts are currently being directed towards design of cheaper and more stable catalysts [3] .
The first approach involves replacement of the phosphine ligands with stronger donor ligands to produce more stable Heck coupling catalysts. One type of ligands that is showing promising results in the Heck coupling reactions are multidentate nitrogen donor ligands. The ease of synthesis and lack of air or moisture sensitivity of nitrogen-based palladium complexes make them suitable replacements for the phosphine palladium catalysts. Following reports by Buchmeiser and coworkers [4] that bis(pyrimidine) palladium complexes catalyze Heck coupling reactions of activated aryl bromides and aryl chlorides with styrene, interests in other nitrogen based catalysts is gaining momentum. Another type of nitrogen-donor ligands that are currently under investigation are the imine-compounds, prepared by condensation reactions of aldehydes and a primary amines [5] [6] .
The second approach to the development of affordable Heck coupling catalysts is to use cheaper metal sources than palladium. Nickel is emerging as a promising replacement of palladium since it is less expensive and has been shown to exhibit catalytic activities comparable to the palladium catalysts in Heck coupling reactions [7a-d] . For example, Domin et. al reported the synthesis of sterically hindered α-diimine ligands nickel(II) complexes and their application as Heck coupling reactions of aryl bromide and methyl acrylate [7c] .
In this work, we report the synthesis and characterization of new imino-pyridyl nickel(II) complexes and their application as Heck coupling catalysts of aryl halides and methyl acrylate.
Experimental

Materials and methods
All reactions were carried out under nitrogen atmosphere using standard Schlenk techniques. Solvents were dried and purified by heating at reflux under nitrogen in the presence of a suitable drying agent. All the reagents and starting materials were purchased from Sigma Aldrich and used without any further purification.
[NiBr 2 (DME)] (DME = 1,2-dimethoxyethane) was prepared following literature procedure [8] . The imino-pyridyl ligands, (2-pyridyl-2-thiophenemethyl)imine (L1) and (2-pyridyl-2-thiopheneethyl)imine (L2) were synthesized following our published method [9] . 1 H NMR experiments were performed on a Varian XR200 MHz spectrometer. IR spectra in solution were recorded on a Perkin-Elmer Spectrum 100 Series FT-IR instrument using nujol mulls on NaCl plates. Elemental analyses were performed on Server 1112 Series Elemental Analyzer. Magnetic susceptibility measurements were determined at room temperature on EG&G model-155 magnetometer. GC analyses were performed on an Aligient 7689 Series II flameionisation gas chromatograph. Single-crystal X-ray diffraction data was collected on a Bruker KAPPA APEX II DUO diffractometer using graphite-monochromated Mo-K radiation ( = 0.71073 Å). The crystal structure was solved by direct methods using SHELXS-97 [10] and refined by full-matrix least-squares methods based on F using SHELXL-97 [10] and the graphics interface program X-Seed [11] [12] .
Synthesis of the nickel(II) complexes 2.2.1. Dibromo-[(2-pyridyl-2-thiophenemethyl)imine]nickel (II) (1)
To a solution of L1 (0.15 g, 0.70 mmol) in CH 2 Cl 2 (2 ml) was added dropwise a solution of NiBr 2 (DME) (0.20 g, 0.70 mmol) in CH 2 Cl 2 (15 ml). The reaction was allowed to proceed under reflux for 6 h, resulting 
[(2-pyridyl-2-thiophenemethyl)imine]nickel (II) thiolate (3)
To a solution of 1 (0.07 g, 0.18 mmol) in CH 2 Cl 2 (15 ml) in a Schlenk tube was added 2-hydroxythiophenol (0.023 g, 0.18 mmol). To this mixture, triethylamine (0.4 ml, 0.20 mmol) was added dropwise to give a purple solution. The reaction was allowed to proceed at room temperature for 4 h. The purple solution was concentrated to about 10 ml before excess hexane was added to give a purple precipitate. The precipitate was filtered and dried under reduced pressure to obtain a grey solid. Recrystallization from CH 2 Cl 2 /hexane mixture afforded purple crystals suitable for single X-ray crystallography analysis. Yield: 0.0617 g (90% 
[(2-pyridyl-2-thiopheneethyl)imine]nickel (II) thiolate (4)
The complex was prepared the same way as in 3 using 2-hydroxythiophenol (0.03 g, 0.20 mmol) and 2 (0. 10 g, 0.20 mmol 16; H, 4.04; N, 7.02; Found: C, 53.98; H, 3.88; N, 7.23 .
Heck coupling catalysis
In a typical reaction, a dry 100 ml Schlenk tube equipped with a magnetic bar was charged with iodobenzene (2.04 g, 0.01 mol), methyl acrylate (1.03 g, 0.01 mol) and triethylamine (1.00 g, 0.01 mol). The respective nickel complex (0.01 mmol) was dissolved in 10 ml DMF and transferred to the Schlenk tube and the temperature was set at 80 • C. Samples were drawn at regular intervals and analyzed by GC to determine the percentage conversions. The coupling product was isolated by the addition of water (50 ml) to the reaction mixture and extracted with CH 2 Cl 2 to give the product which was analyzed by 1 H NMR spectroscopy. Homogeneity tests were performed using mercury drop experiments in duplicate by adding two drops of elemental mercury to the reaction described above. After the reaction period, the solution was filtered and analyzed by GC and 1 H NMR.
Results and discussion
Synthesis and characterization of the nickel complexes
The imino-pyridyl ligands, L1 and L2, were prepared following our published method [9] . Reactions of L1 and L2 with NiBr 2 (DME) afforded the corresponding complexes 1 and 2 in high yields (Scheme 1). In attempts to improve the solubility of the resultant compounds, complexes 1 and 2 were reacted with equivalent amounts of 2-hyroxythiophenol to give complexes 3 and 4 respectively (Scheme 1). All the isolated complexes (1-4) were characterized using micro-elemental analyses, IR spectroscopy, magnetic moment measurements for 1 and 2 and single crystal X-ray crystallography for 3. The elemental analyses data obtained were consistent with the proposed structures shown in Scheme 1 and confirmed the purity of the compounds. The IR spectra of the complexes showed absorption bands between 1592 cm -1 -1598 cm -1 ; which is typical of coordinated imines [9 and 13] . Magnetic susceptibility measurements for 1 and 2 were obtained as 3.18 and 3.15 BM, consistent with two unpaired electrons for high spin nickel(II) complexes in a tetrahedral environment [14] . On the other hand, complexes 3 and 4 were diamagnetic in agreement with square planar nickel(II) complexes as confirmed by the solid state structure of 3.
Scheme 1: Preparation of imino-pyridyl nickel (II) complexes 1-4
Molecular structure of complex 3
Single crystals of 3 were grown by slow diffusion of hexane into a dichloromethane solution at 4 °C. Crystal data and structure refinement parameters are summarized in Table 1 , while selected bond lengths and angles are given in Table 2 . The molecular structure of 3 is shown in Figure 1 . The complex crystallizes with one molecule in the asymmetric unit in the P21/m space group. Apart from the disordered thiophene ring [with occupancies of 0.535(6) and 0.465 (6) ], the rest of the atoms in the molecule all lie in this plane of symmetry which is parallel to the (0 1 0) plane. The plane of the thiophene ring is at a dihedral angle of 81.9(2)° from the plane on which the bulk of the molecule is residing.
Ligand L1 coordinates to the nickel metal ion via the pyridyl and imine nitrogen atoms while the thiophenyl sulfur atom is uncoordinated. The hydroxythiophenyl ligand loses two hydrogen atoms to become bidentate and coordinates to the metal ion through the phenylthiolate-S and the phenoxy-O to complete a slightly distorted square planar geometry around the metal centre. The angles around the nickel centre of 83.51 (12) , 89.96 (11), 90.44(7) and 96.09(8)° are close to related nickel (II) thiolate compounds [15] . This is common for similar hetero donor atom nickel complexes. The Ni-N imine and Ni-N pyridyl bond distances are 1.897(3) and 1.919(3) respectively while the Ni-S and Ni-O bond distances are 2.1612 (8) 
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Fig. 1 X-ray crystal structure of 3.
Heck coupling reactions
The nickel complexes, 1-4, were investigated as catalysts in the model Heck coupling reaction of iodobenzene, bromobenzene and chlorobenzene with methyl acrylate (Eq. (1)). This was performed in order to evaluate the catalytic activities of these nickel complexes in Heck coupling reactions relative to the well established palladium complexes. All the complexes efficiently catalyzed the coupling of iodobenzene with methyl acrylate (Table  3) . Most significant is the abilities of 1-4 to catalyze this reaction at temperatures of 80 o C, considered very mild for Heck reactions even for palladium catalysts. Generally, complexes 1 and 2 showed better catalytic activities than 3 and 4 under similar conditions (Table 3 , entries 1 and 2 versus 3 and 4). Increasing the reaction temperature from 80 to 110 o C resulted in a concurrent increase in percent conversion of the complexes. For instance, complex 1 gave conversions of 80% and 88% in 4 h at 80 and 110 o C, respectively (Table 3 , entries 1 and 11). However, increasing the temperature from 110 o C (88%) to 130 o C (89%) did not result in significant increase in activity (Table 3, entries 11 and 12) . It is generally believed that in the Heck coupling reaction, Ni(II) species may be reduced to ligand-stabilized Ni(0) via a Pd(II) related mechanism [18] . Mercury drop experiments showed no significant differences in conversion between the experiments with or without mercury (Table 3 , entry 7 and 9), therefore suggesting that no heterogeneous Ni(0) was involved in the catalytic process. It is therefore conceivable that the improved catalytic activities observed at higher temperatures could be due to enhanced reduction of complexes 1-4 to ligand stabilized nickel (0). Complexes 1 and 2 exhibited shorter induction periods than 3 and 4. For instance, while the dibromide complexes, 1 and 2, gave conversions of 80% and 85% in 4 h, respectively, the thiolate analogs, 3 and 4, only gave conversions of 54% and 66%, respectively (Table 3 , entries 1-4). The slower conversion rates observed in 3 and 4 could thus be attributed to their increased stabilities emanating from the chelating effect of the thiolato ligand [18] . The melting point data of complexes 1-4 is in good agreement with this trend, complexes 3 (184 o C) and 4 (181 o C) gave higher melting points than 1 (178 o C) and 2 (176 o C). The chain length of the alkyl linker in 1-4 also appeared to have some influence on the activities of the resultant catalysts. For instance, while catalyst 1 (methyl linker) gave conversion of 80%, the analogs catalyst 2 (ethyl linker) gave 85% under similar conditions (Table 3 , entries 1 and 2). Similar trend was observed for 3 and 4 (Table  3 , entries 3 and 4). This behavior could be due to the flexibility of the ethyl linker which might reduce the stabilizing role of the thiophene group. In all cases, transmethyl cinnamate was obtained as the predominant product as established by 1H NMR spectroscopy. The ultimate objective in designing Heck coupling catalyst is to form active species that can catalyze the coupling of the more difficult aryl bromides and chlorides. We thus investigated the most active complex 1 in the coupling of methyl acrylate with bromobenzene and chlorobenzene. The reactions were carried at 130 o C for 8 and 24 h. No catalytic activity was observed within 8 h with bromobenzene, but after 24 h, substrate conversion of 23% was reported. However, no catalytic activity was observed in the coupling reactions of chlorobenzene with methyl acrylate even after 24 h and at elevated temperatures of 130 o C. This trend is consistent with the increasing strength of carbon-halide bonds from aryl iodide to aryl chloride [1c].
Conclusions
We have successfully prepared new nickel(II) complexes containing imino-pyridyl derived ligands. These complexes were evaluated as catalysts for Heck reactions of aryl halides with methyl acrylate and displayed good catalytic activities under mild conditions towards iodobenzene and bromobenzene. Thus these nickel(II) complexes could offer more stable alternative catalysts to the established phoshine-based palladium catalysts. 
Figure captions
Figure 1: Molecular structure of complex 3. There is a disorder in the thiophene ring (hence the large S(1) and C(10) thermal ellipsoids). The thiophene is sitting in a special position so only half of it is seen in the asymmetric unit. 
